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The polarization boundary layer mass transfer coefficient, k, is correlated to the solution physical 
properties, flow channel dimensions and operating parameters exist in the literature (14, 15). As 
the solutes bulk concentration increases, the permeate flux decreases exponentially. Using the 7t 
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where R ad< is the resistance of solutes adsorbed onto the membrane surface or the pore walls, 
is the resistance of the concentration polarization boundary layer and R g is the resistance of a 



layer of concentrate at the membrane surface (often referred to as the gel layer). The influence of 
the different resistances may be established by varying the shear rate. 
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Figure 1 . Proposed Nanofiltration Membrane Recycle Bioreactor for On-line 
Removal of Volatile Fatty Acids from CELSS Anaerobic 
Bioreactor. 
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II. EXPERIMENTAL SET-UP 



Inorganic analysis of calcium, phosphate, ammonium, and iron concentrations were 
carried out using EPA methods: EPA 200.7, EPA 365.1, and EPA 350.1. Analyses of total 
organic carbon (TOC) concentrations were determined using the EPA method: EPA 415.1. Total 
suspended solids (TSS) concentrations were determined by weighting known samples volume 
previously dried in a vacuum oven at 75 °C and 0.5 bar of vacuum for 24 hours. 


I 




00 


Z 

o 

NX 

<Z) 

p 

U 

1/3 

NX 

Q 

Q 

Z 

<! 

J 

P 

2 

CS< 


Z 

o 


H 

< 

S3 

l-M 

P 

H 

U 

2 

X 

U 

P 

z 

<c 

az 

» 

S 

p 

s 


CO 


o 

x 


8J 

w 

3 


C 
O 
3 T3 


O 

CO ^ <D 

|2|1 

<P Ph 


-9 


cd 


<D 

X 


Ux • 5 L» Q 1) 5P 

* 5 >, jg 2 a © 

w c E% 

O O ° ON 

Si ^ £ 2 *-* 

=r • 2 X X CO 

GJcOlXUjO^Cd 

a) w a) — * 

n , . ^ 


& o *2 g 
o x X *£ 
£ o< H w 
-° a< x 


3 

oo 

8 3 -5 <n _ _ 
<o 2 '5 o! c 3 
^3 i) 5 oo S5 ~ 

X> 

T3 
<D 


. . ^ cd 

P <£ 


>*3 uca x 
x>— ‘•Q oSotQ 


,S C a • c a -p — u 

^|a|'§o^ 

8 g 3 ^£.22 Mjg 

S § g -o 8 > 2 -2 

*•*’ CL C5 A\ w r* r< 


c cn -j -o 


3 c 


O 


. C O *=( 3 X 

w X X 2 cd q 

c H C O 

| 2 o H .a -s o 

* •« 13 >> <u Z s 

- - O u. 

*- ,2 

O 00 

3 <D 

X 


o £ -3 £ ■« -3 is 

^ E,S^9Pfi 

- — ^ 


O 

CO 

cd 

& 
■*— » 
G 
cd 

w 

C/3 

c 

o 

o 

>> 


ii 8 "ii-o 

c .2 ^ j* > a 

52 A ^ 5 cd 4 h j: n 

f -8 s J.S.8 U 1? ed 

®|.s*l11 , s8i 

«w‘Sc{JcgW)CUO 

X > d O X ^ c Uj 

S 0.2 “ ii gl § 

s ■§ a I'-S 


3 r- r! 


c -s 

O . <D J* 
a oo g g 

■SExE 


O X X 
C X) 3 

«) cd C 

CO 
- C 

o 


CO 

H _ 

On Cd 
■*-» 
a 


3 .cd 


u 

52 

cd 

£ 


*3 

MH 

.32 

•3 

p 

00 

2 

u« 

8. 

w 

3 

TD 

C 

cd 

u< 

T3 

>> 

D- 

O 

3 

u, 

2 

cd 

O 

T3 

3 

O 

3 

X 

w 

cd 


a, 

— < 

o 

X 

C/3 

c 

i-H 

X 

r* 

o 

o 

TJ 

X 

H 

.2 

•w 

2 

3 

O 

£ 

c 

cd 

1-4 

X 

.£ 

to 

CO 

CO 

8 

<^k 


cd 

oo 

r+ 

g 

o 

r* 

UP 

p 


cx 

o 

S 

8 

J£ 

O 


3 "O 
C <U 
£ N 

5 g g c 

£ 60.2 

«-4 f-N I 

*-.3 0 


o 

a 


> 13 


£ 

3 


P 52 § g 
s X *> 2 
< 


o a, > 


» 



Transmembrane Pressure, bars 




T3 IS 

S * 

cd Q. 

- cd 
<2 o 
a <-> 

ft a 


X JJ 
**■4 ’■C 

*T3 4-» 

£ S3 

a -3 

3 .2 
&* 
■s | 

g a 


"S "! <*_ ; 
o .S © 
S 2 

■•s e -g 

13 2 e : 

g-2 *o 

* ! g J-' 

•52 « -g , 

§.s§ 

. W) box) , 

2.S 8 
.2 £ ^ 
Z o cd 

Gh G , 

8 6 S , 

(4 0 4) 

S * a 

.2 C « 

.o ^ (j i 

u ?“o 
■3 * -52 

< <4-< ® b 

0 a, 2 

‘.Ml 

S 2 S 

axs x 
« SP « 

1 § h 
3 S . 
■Sfi s 
.a .§» a 

1 .9 ^ 

^ (D 2 

8 s g 

fl) o 
oo g <D 

O 04 ^ 

*3 a *5 

G 2 cd 

•S 5 O 
8 o .2 

2 00 -2 
5 S S 

^ o 2 

;1 g s 

g> o o 

^25 


x ° 

«D <« 

•fi O 


•*— * 

G 

<U 

1 | 

<D cd 
£ O 

2 > 


b oo 

.2 K 
x> ^ 
•a ^ . 
<o .2 


i *8 : 

X! T3 

4-4 O 

° a 

S2 I* 

(Li O 1 


CO i3 

e 2 . 

P <4H 

E o 
"3 a . 

a -2 1 

5 .2 j 

J 8 I 

6 6 

S 8' 


s a 

a a 

o Tj? 

•e -8 

& o 
3 o 

£> 04 

^ c/5 

fcg 3 

S 00 

^ 4-4 

r- o 


o w) 
H .S 

o 

4 ^ ' 

3 2 

2 - 

5 

g £ 

0 o 


3 o 
2 o 

•5 w) 
g .S ' 
•* h 3 < 

T3 g t 

s & 

•a o . 


I ’§• 


a* 

2 ^ 

0 a 

SI. 

o -o 1 

w 04 

. 3 

cd A 

8 8 
c3 -c 

1 W) <u 

*§ 3 
G co ' 
<n 00 

a g , 

o a 

W) «u 

|«: 
5 73 

c § 


m cu 

« S3 

CN 4-d 

6 « 

2 2 
<£3 G 


B -a . 

1 « jj 

o C 3 

I 'S.'S 

8-? s 

42 c 3 

2 0.0 

o 73 g 

I T3 3 jg 

i a § *o 
1 8 “ S 

: S* 2 s 

' p S5 a 

i “ c •s 

> ^ O o 

' 2 2 T3 

w b o 

:gS§- 

1,3.2 o 

. 5 X2 O 
[ <D ~ <L> 

' <D X> 

1 ^ .2 5 

• S3 y •> 

) 4-4 cd J> 

! s a.p 


constant flow rate operation. This phenomenon is mostly produced due to the high content of 
suspended matter and high viscosity of the anaerobic bioreactor effluent, where the pressure 
forces are not enough to overimpose viscous forces. The operation at fluid velocities higher than 
1 .2 m/s generated a persistent foam which produced pump cavitation. Therefore, the most stable 
fluid recirculation velocities were found to be between 0.6 to 1.0 m/s. 



Table 1. Anaerobic Bioreaetor Effluent Average Composition. 
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Fig. 4. Bioreactor Effluent Permeate Flux vs Transmembrane 
Pressure at Different Fluid Recirculation Velocities 
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Recirculation Velocity, m/s 







removal of acetic acid is higher than both propionic and butyric acids together. The rate of acids 
removal is proportional to their concentration in the feed stream. As can be observed in Table 1., 
the. VFA is mostlv coirmosed of acetic acid. Other possible reason is that acetic acid has a 
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Fig. 7. Volatile Fatty Acid Removal Rate from Bioreactor 
Effluent at Recirculation Velocity of 0.90 m/s 
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Fig. 9. Nutrients Removal Rate from Bioreactor Effluent 
at a Recirculation Velocity of 0.65 m/s 



Transmembrane Pressure, bars 








Fig. 10. Nutrients Removal Rate from Bioreactor Effluent 
at a Recirculation Velocity of 0.90 m/s 



Transmembrane Pressure, bars 







Fig. 12. Effect of Bioreactor Effluent Total Suspended Solids 
Concentration on Permeate Flux at U = 0.9 m/s 



In (TSS) 



As noted in Equation 3, 4, and 5 the permeate flux is inversely proportional to solution 
viscosity. Any increase in the feed concentration will also increase the medium viscosity and 
therefore, affect inversely the membrane filtrate rate. Also, as the feed TSS concentration 
increases, there is more resistance of the fluid moving from the solution bulk to the membrane 
surface due to polarization and gel layers over the membrane surface. 
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Fig. 14. Effect of Applied Transmembrane Pressure on Permeate 
Flux at Different TSS Concentration at U = 0.9 m/s 
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Transmembrane Pressure, bar 



Fig. 15. Effect of Bioreactor Broth Total Suspended Solids 
Concentration on VFA Removal Rate at 
TMP = 0.6 bar and U= 0.9 m/s 
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Fig. 19. Effect of Total Suspended Solids Concentration on Nutrients 
Removal Rate at TMP =1.0 bar and U = 0.9 m/s 



Fig. 21 . Variation of Permeate Flux with Time at Different 
Applied Transmembrane Pressure at U = 0.9 m/s 



Time, 




gel layer thickness is highly susceptible to the shear rate produced by the fluid hydrodynamic 
conditions (16). The layer thickness reached a finite value which is controlled by the fluid shear 
rate, and any additional suspended matter deposited over this layer is swept away by the cross- 
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Poner, M.C. Concentration polarization with membrane ultrafiltration. Ind. Eng. Chem. 
Prod. Res. Dev., H, (1972) 234. 



Bhattacharjee, C. and P.K. Bhattachafya. Flux decline analysis in ultramltration of kraft 
black liquor. J. Membrane Sci., £ 2 , ( 1993 ) 1 . 
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